Presently in most of developed countries, PBD (Performance-Based Design) is actively being adopted to reduce the danger of fire in large, high-rise buildings. In order to do so, prediction and analysis of heat flow must be conducted in advance. This paper has utilized an MPS (Moving Particle Semi-implicit) method to design a 2-Dimensional Heat Flow Analysis Program and conducted an experiment through the use of a reduced-scale model having the same relative parameters of heat source and size. Two separate results of heat flow following a rise in the fire source temperature were cross analyzed to determine correlation.
Introduction
With the introduction to the construction industry of newly developed materials and technologies concurrent with the increase in new high-rise and multiplex buildings, existing Fire Safety Technology standards are no longer consistent with the state of the art. Developed counties are adopting, PBD (Performance-Based Design) that considers parameters such as type, size and condition of a structure, to predict and evaluate safety during a fire. Like the international trend in fire safety, South Korea is actively preparing for adopting the PBD.
Yet prior to the introduction of PBD, studies on occupant evacuation procedures, fire behaviors of materials in structures, and heat flow analysis during fires have to be conducted. Among these, the heat flow properties are directly related to fire behavior and affects direction in spread of fire. Heat flow is largely affected by such factors as location and size of openings. It can be predicted through numerical analysis.
Thus, this paper wants to design a numerical analysis of heat flow utilizing MPS (Moving Particle Semi-implicit) method, to analyze properties of heat flow during fire and serving as a fundamental material for the application of PBD. Also, this paper wants to experiment reliability of the program by cross analyzing results acquired from experiments conducted.
Present heat flow analysis which has been researched and developed is closely related to fluid flow (Chang et al., 2003) . It applies FEM (Finite Element Method) and CFD (Calculus of Finite Differences). The particle method expresses a continuum of a finite number of particles, and calculates movement of the continuum based on the movement of particles. Each particle contains variables such as velocity or pressure. Lattices required during CFD or FEM are not utilized. Therefore, the particle method may make unnecessary the complex tasks involved in lattice generation. MPS method is a particle method applied with a calculation algorithm for incompressible fluid which is represented by moving particles (Koshizuka and Oka, 1996; Koshizuka et al., 1998) . There is various research actively being conducted on simple fluid through the use of MPS method. However, there are few studies being conducted on heat flow that can be applied to building fires. Heat flow can be easily calculated by the motion of these particles. Therefore, this paper seeks to analyze heat flow by utilizing MPS method.
This study had been conducted in following manner. A program algorithm has been determined by applying the MPS method, and a 2 dimensional heat flow analysis program based on this algorithm has been designed. During the designing of the analysis program, GUI (Graphical User Interface) environment has been augmented to allow multiple tasks to be executed for input, output and program execution. In addition, a numerical analysis having same parameters as the actual experiment has been conducted to verify the reliability of the program. These two results were cross analyzed for verification. In the MPS method, an interaction model for differential operators such as gradient, divergence and Laplacian are designed for each particle. These are in the form of discrete differential equations. Also, a weight function is applied to the interaction model among particles.
Numerical Method
• Weight function (4) where, r: Distance between particles The sum of the weight function between particle and a nearby particle j is referred to as particle density. When the mass of particles is constant, the particle density becomes proportional to density of fluid.
• Particle density (5) where, r: Position vector
The control equations (1) and (2) include gradient and Laplacian models as differential operators. An interaction model between particles of these two differential operators is needed. The following equations are for gradient and Laplacian models of MPS method.
• Gradient model (6) • Laplacian model (7) where, d: Number of dimensions where, n 0 : Particle density Coefficient λ is introduced here to unify increase in statistical decentralization in the solution of the analysis. Definition of λ is as follows. Here, to eliminate space occupied by particle i in integration r 0 becomes . Initial distance among particles is denoted by l 0 .
(8)
Calculation algorithm
In the control equation, pressure gradients of the continuous equations and the Navier-Stokes equations are analyzed implicitly, while viscosity and gravity are analyzed explicitly. By utilizing these, unknown velocity u* and location r* of a particle can be acquired.
Following equations are used to acquire particle density, velocity, location and temperature when visibility is at k+1. Adjusted rate of velocity and particle density can be expressed by density conservation equation for pressurized flow. When the density reaches a certain value, the density of fluid becomes proportional to particle density. Here, adjusted rate of particle density, n', is generated by adjusted rate of velocity, u'. A simultaneous calculation on these is then conducted against time discretely.
(16) By substituting the equation (14) for the equation (16), we can acquire a simplified Poisson equation. (17) The Fig. 1 shows calculation algorithm of the program.
Boundary conditions
The MPS method utilizes particle density in free surface conditions. When the time k had ended, all particles satisfying the following equation (18) are judged to be present in free surface. (18) Here, β is set at 0.97. In solving the simplified Poisson equation, the value of this particle is fixed as . On the wall boundary, wall particles with fixed coordinate are placed. The wall particles can be classified in to 2 types. Pressure is calculated for internal surfaces contacting fluid particles; pressure calculation is not conducted for external surfaces. Internal wall particles are applied with pressure calculation and fluid particles near the wall get bounced from the wall. Also the same volume of particles existing through an opening through convection, get induced back to the area, creating an air circulation within the area.
Computational Example

Target and methodology of the experiment
A physical model of a single room having width of 3 m, length of 5.4 m and height of 3.9 m, with an opening on one side with dimension of width of 0.9 m and height of 2.1 m was designed. A scaling law of 1:5 had then been applied to design a smaller scale model. Fig. 2(a) shows full-scale model and Fig. 2(b) shows a reduced-scale model. Table 1 shows scaling law applied in this paper. As part of the numerical research (John and Battaglia, 2004) , scaling lows were considered as a viable approach for the simulations. One concern is that simulating the full-scale fire will be computationally expensive and restrict the number of grid Fig. 2 . Model scale cells needed to adequately resolve the physical features of the flow. Scaled-down experiments and numerical simulations are commonly used as less expensive (monetarily and computationally) alternatives to full-scale modeling. However, the scaled-down model must accurately represent a full-scale fire scenario. In order to ensure that a scale model exhibits the same behavior as the full-scale model, a mathematical correlation must exist between primitive variables. Scaling laws for fires were developed by Byram (1966) using π-term techniques for heat release rates:
where m denotes model; f denotes full scale; L is length of the flame; D h is hydraulic diameter at the base of the fire; is total rate of heat output; V is Froude number for velocity (Ko et al., 2010) .
A vertical surface was designed crossing both heat source and opening, like the A-A' surface of Fig. 2(b) . Thermocouples had been installed at 9 locations for measuring temperature changes over time. Fig. 3 shows the positions of thermocouples installed on vertical surface. Fig. 4 shows a user interface for the numerical analysis allowing input of data such as geometric data, physical properties and temperature of heat source over time. When all necessary data had been input, a model shown in Fig. 5 is automatically generated. Table 2 shows temperature of heat source over time utilized by the program. Fig. 6 shows a graph on time-temperature curve of thermocouples. As we can see from the graph, no rapid flashover had been found. In addition, the maximum temperature had been shown at 796 seconds and the temperature at the time was 880 o C. Table 1 . Similitude law Fig. 7~Fig. 10 show results acquired from the actual experiment and program execution for comparing temperature distribution on the vertical surfaces.
Example of program execution
Result analysis
Where B denotes blue color; G denotes green color; R senotes red color; S denotes sky-blue color; Y denotes yellow color.
Times chosen for temperature distribution comparison were at 10 minutes, peak (13 minutes 16 seconds), 20 minutes and 30 minutes, respectively.
In the experimental results for changes in internal heat flow, heat flow shifts from opening to the vertical center of the room during the development till peak time. From the peak time to declination time, high temperature heat flows from center of the room to upper surface of the room. That is, cold air induced from the bottom of the opening shifts towards the center in clockwise direction, creating a spiral flow. Then it exists through the upper surface of the opening as it gets heated. Analysis results shows very similar results as the result acquired from the actual experiment and we can clearly see that the heat flows in order lower opening, lower surface of the room, center of the room and upper surface of the opening.
Conclusion
This paper has developed a 2 dimensional heat flow analysis program using MPS method. To examine the reliability of the program, researchers designed a reduced scale model having the same parameters of heat sources and model dimension. The result of an actual experiment has shown very close results to that which had been analytical predicted by the program, allowing researchers to confirm the possibility of applying MPS methodology to heat flow. However, two-dimensional analysis as presented by researchers may not provide an accurate heat flow in indoor areas due to the complex interactions of airflows from many connected rooms. These problems may be solved in future by developing a three-dimensional analysis program. In addition, the program designed by researchers shall be developed further for analyzing complex conditions such as current, humidity, etc. that affects temperature changes in heat flow. 
